Few quantitative trait loci (QTL) have been mapped for the expression of partial resistance to Phytophthora sojae in soybean and very little is known about the molecular mechanisms that contribute to this trait. Therefore, the objectives of this study were to identify additional QTL conferring resistance to P. sojae and to identify candidate genes that may contribute to this form of defense. QTL on chromosomes 12, 13, 14, 17, and 19, each explaining 4 to 7% of the phenotypic variation, were identifi ed using 186 RILs from a cross of the partially resistant cultivar 'Conrad' and susceptible cultivar 'Sloan' through composite interval mapping. Microarray analysis identifi ed genes with signifi cant differences in transcript abundances between Conrad and Sloan, both constitutively and following inoculation. Of these genes, 55 mapped to the fi ve QTL regions. Ten genes encoded proteins with unknown functions, while the others encode proteins related to defense or physiological traits. Seventeen genes within the genomic region that encompass the QTL were selected and their transcript abundance was confi rmed by quantitative reverse transcription polymerase chain reaction (qRT-PCR). These results suggest a complex QTL-mediated resistance network. This study will contribute to soybean resistance breeding by providing additional QTL for marker-assisted selection as well as a list of candidate genes which may be manipulated to confer resistance.
. Partial resistance to P. sojae in soybean is mediated by quantitative trait loci (QTL); however, only seven QTL have been described. Th ree QTL on chromosomes (Chrs.) 16, 18, 20 (Molecular Linkage Groups (MLGs) J, G, I) were identifi ed in an interspecifi c cross of V71-370 (Glycine max) by PI 407162 (G. soja Sieb. et Zucc.; Tucker et al., 2010) . Th e soybean cultivar 'Conrad' has been studied by several groups and four QTL were identifi ed on Chrs. 2, 13, and 16 (MLGs D1b, F, and J); however, these loci did not account for all of the genetic variation (Burnham et al., 2003; Han et al., 2008; Weng et al., 2007) . All of the studies which have mapped QTL in Conrad have utilized populations of ~100 lines or less. Th us the fi rst objective of this study was to confi rm previously identifi ed QTL and identify additional QTL in Conrad that confer partial resistance to P. sojae by using a larger population than was used in previous studies.
Only a few studies have explored the molecular mechanisms that contribute to the expression of partial resistance in Conrad to P. sojae. Transcripts for pathogenesis-related (PR) protein PR1a, PR2, basic peroxidase, and matrix metalloproteinase were present at higher abundances in Conrad than in OX 20-8 (lower level of partial resistance) at 3 d aft er inoculation (DAI) (Vega-Sánchez et al., 2005) . Th e constitutive transcript levels of these genes were not associated with partial resistance; in addition, the mRNA accumulation of defense-related genes following infection as well as the signifi cant reduction of P. sojae mass in the tissue of Conrad compared to OX 20-8 suggested that the defense mechanisms occurred primarily in the root section above the inoculation site (Vega-Sánchez et al., 2005) . More recently, signifi cantly higher amounts of preformed suberin were identifi ed in the whole root of Conrad compared to the susceptible line OX760-6 (Ranathunge et al., 2008; Th omas et al., 2007) . Th is was proposed to contribute to a 2 to 3 h delay in P. sojae penetration through the epidermis. A higher quantity of induced suberin was also observed in Conrad following infection but the level of induced suberin was the same in both genotypes at 8 DAI (Ranathunge et al., 2008) . It has also been suggested that basal resistance that is triggered by diff erential recognition of pathogen-associated molecular patterns (PAMPs) expressed during infection by P. sojae may overlap with partial resistance (Gijzen and Qutob 2009) .
Several studies have used the soybean Aff ymetrix gene chips to profi le the infection response to pathogens such as Heterodera glycines Ichinohe (Ithal et al., 2007; Klink et al., 2009) , Phakopsora pachyrhizi Sydow (Panthee et al., 2007; van de Mortel et al., 2007) , and P. sojae Waller et al., 2007; Zhou et al., 2009) . Each chip contains ~37,500 soybean transcripts, ~15,800 transcripts for P. sojae, as well as 7500 transcripts from H. glycines. In the soybean-cyst nematode compatible interaction, 429 soybean genes were identifi ed with changes in transcript abundance in the root tissue during parasitism (Ithal et al., 2007) . Klink et al. (2009) also compared the resistant and susceptible interaction of soybean with cyst nematode and identifi ed 823 and 52 soybean genes that were induced or suppressed, respectively, in the resistant response. Th e highly induced genes included lipoxygenases, components of the phenylpropanoid pathway, S-adenosylmethionine synthetases, heat shock proteins, and a 14-3-3 gene, whereas many of the highly suppressed genes had unknown functions (Klink et al., 2009) . In a soybean-P. pachyrhizi interaction study, a biphasic gene expression pattern was observed in both resistant and susceptible responses following inoculation. Signifi cant gene expression changes were observed within the fi rst 12 h aft er inoculation (HAI) (pathogen penetration) and again aft er 72 HAI (during the resistant response) or 96 HAI (rapid fungal growth during the susceptible response), while the expression of most genes returned to the level of the mock in the period between these two time points (van de Mortel et al., 2007) . Resistant and susceptible cultivars to P. pachyrhizi shared similar gene expression patterns at the early stages of pathogen colonization. During the second phase of the host response, there was earlier induction of soybean transcripts for a large number of genes in the resistant cultivar compared to the susceptible cultivar (van de Mortel et al., 2007) . Fusarium virguliforme (Aoki et al., 2003; syn. Fusarium solani (Mart.) Sacc. f. sp. glycines) is another root pathogen of soybeans that causes sudden death syndrome. Changes in transcription were followed in a time course study for 191 defense-related genes in both a susceptible and resistant genotype. Genes which were upregulated during this time course study had homology to those involved in pathogen recognition, signal transduction, phenylpropanoid pathways, plant hormone recognition, and PR proteins (Iqbal et al., 2005) .
Changes in transcript abundance in soybean cultivars with diff erent levels of partial resistance to P. sojae were examined in two previous microarray experiments ("eight cultivar" and "four cultivar;" Tyler et al., 2007; Waller et al., 2007; Zhou et al., 2009 ). In the eight cultivar experiment, eight soybean genotypes were sampled at 3 and 5 DAI, Conrad, 'Athow', V71-370, and 'General' with high levels of partial resistance; 'Williams' and PI291327 with moderate levels of partial resistance; 'Sloan' with a low level of partial resistance; and OX20-8 which is highly susceptible to P. sojae . In the four cultivar experiment, Conrad, V71-370, Sloan, and the susceptible recombinant inbred line, VP-RIL9, from the cross of V71-370 by PI 407162, were examined for changes in transcript abundance at 1, 2, 3, and 5 DAI (Waller et al., 2007) . In the eight cultivar experiment, ~25,000 genes had statistically signifi cant responses to infection, with little diff erence between Day 3 and Day 5 samplings . At 5 DAI, 97~99% of the detectable genes had moderate transcription changes (mostly less than two-fold) in response to infection and soybean genotype, and these low-magnitude changes were consistent across biological replicates (Zhou et al., 2009) .
Th ese results emphasize the complexity of the partial resistance response, as a large number of genes with small transcriptional changes responded to the P. sojae infection. Th us, the second objective of this study was to examine the molecular mechanisms of partial resistance during the soybean-P. sojae interaction by identifying the genes that may contribute to this form of defense. Genes with diff erential transcript abundance at 1, 2, 3, and 5 DAI in Conrad and Sloan from the four cultivar microarray experiment were selected and matched to the soybean genome sequence to identify those underlying the QTL. Transcript abundance of 17 genes were then confi rmed by quantitative reversetranscription polymerase chain reaction (qRT-PCR).
MATERIALS AND METHODS

Plant Material and Phenotypic Assay for Quantitative Trait Loci Mapping
A population of 375 F 4:6 recombinant inbred lines (RILs) from a cross of partial resistant cultivar Conrad (R) by the susceptible cultivar Sloan (S) was evaluated for partial resistance to P. sojae. Th e fi rst 186 RILs from this population were used for QTL mapping. Th e population was developed from eight F 1 plants, and each generation was advanced through single seed descent.
Each RIL was tested for lesion length development in a tray test assay (Burnham et al., 2003; Mideros et al., 2005) . Briefl y, the plants were grown in fi ne vermiculite in the greenhouse (22-26°C) with a 14:10 light/dark cycle. Th e roots of 7-d-old seedlings were washed in running tap water and ten plants of each RIL were aligned on a polyester cloth on top of a wicking pad on a plastic tray (27 × 35 cm) with one raised side (2 cm) removed. Each seedling was inoculated by making a 5 mm wound with a scalpel on the tap root ~2 cm below the crown. Th e wound was covered with mycelial slurry prepared from 9-to 10-d-old cultures of P. sojae isolate 1.S.1.1 (vir 1a, 1b, 1k, 2, 3a, 3b, 3c, 4, 5, 6, 7, 8) grown on dilute lima bean agar (15 g agar/L) at 25°C (Schmitthenner and Bhat, 1994) . Th is isolate was selected in preliminary assays as it resulted in lesion lengths which were highly signifi cantly diff erent between the R and S parents (data not shown). Aft er covering the seedlings with wet polyester cloth, eight trays were stacked and bound together with a rubber strap. Th ree stacks were placed vertically in a 25 L plastic bucket with 3 L of deionized water and placed in a growth chamber (22-26°C) with a 14:10 light/dark cycle. Water levels were checked daily. For each seedling, the lesion was exposed with a scalpel 7 DAI and lengths were measured from the top of the developed lesion down to the inoculation site. Th e whole population was phenotyped (375 RILs) and due to the time it took for inoculation, the experimental design was an augmented randomized complete block (RCB), with R and S parents as checks in each stack of 16 RILs. For each block, 125 RILs were included for a total of eight buckets and it took three blocks to evaluate the whole population. Th e whole experiment was repeated three times for a total of nine blocks.
Plant Material and Phenotypic Assays for Microarray
Th e tray test protocol (as described above) was also used for microarray and qRT-PCR time course assays. Sevenday-old roots of R and S parents were inoculated with P. sojae, or mock-inoculated with lima bean agar.
Th e microarray data set of Conrad and Sloan was from the four cultivar experiment in which all the plants were inoculated with P. sojae isolate PT2004C2.S1 (vir 1a, 1b, 1k, 2, 3a, 3c, 4, 5, 6 , and 7) (Waller et al., 2007) . Briefl y, samples (15 mm) were collected at 1 and 2 DAI at the inoculation site, and at 3 and 5 DAI, samples were collected from 7.5 mm below (lower section) and above (upper section) the lesion margin from each seedling. For the mock-inoculated plants, tissue sections were collected (whole 15 mm sections) at the position corresponding to the average lesion length measured from the inoculated samples. For each experimental replication, 30 seedlings were inoculated and sampled for each treatment. Th e experiment was repeated four times. All of the harvested samples were immediately frozen in liquid nitrogen for RNA extraction.
Plant Material and Phenotypic Assays for Quantitative Reverse-Transcription Polymerase Chain Reaction
For the RT-PCR assay, P. sojae isolate 1.S.1.1 was used to inoculate R and S cultivars. At 1 DAI, the inoculation site was sampled and at 2, 3, and 5 DAI, lesions were measured and the 0.75 mm from the edge of the lesion margin and above was sampled for RNA extraction. Similar to the microarray experiment, mock-inoculated tissue was sampled at the same site at each time point. Each treatment had two biological replicates with three trays per replicate, 10 seedlings per tray.
To detect tissue-specifi c diff erences in transcript abundance between the R and S cultivars, non-inoculated R and S seedlings were also evaluated with two replicates. Samples 10 mm in length were collected from 20 mm below the crown, 10 mm below the crown, at the crown, and 20 mm above the crown, at 1, 2, 3 & 5 d aft er the experiment was initiated. For both inoculated and non-inoculated assays, samples were frozen in liquid nitrogen immediately aft er collection.
Quantitative Trait Loci Mapping
Th e mean lesion length of the 10 plants in each tray was analyzed using a mixed model analysis to obtain the best linear unbiased predictor (BLUP) (Stroup, 1989) . (genotypic variance) , and ε ijklmn refers to sampling variation from plant to plant within an experimental unit. Class of entry was assumed to be a fi xed eff ect, and all other terms random. Th is model permitted an analysis in which checks (parents) were fi xed eff ects and RILs were random. Variance components were estimated using restricted maximum likelihood (Burnham et al., 2003; Tucker et al., 2010) . Heritability, on a family mean basis, was calculated as: σ
/3). DNA was extracted from lyophilized leaf tissues from at least 10 plants of each individual line using the CTAB method of Sambrook and Russell (2001) . For genotyping, 579 simple sequence repeat (SSR) markers available at Soybase (http:// www.soybase.org/ [verifi ed 4 May 2010]) were used. In addition, 201 SSR markers were designed using soybean genome sequences (DoE Joint Genome Institute, 2008) located between four pairs of markers from the public map which fl anked four gaps. All markers were screened for polymorphism between R and S parents. Twelve single nucleotide polymorphism (SNP) markers (identifi ed and provided by P. Cregan and associates, personal communication, 2008) and 139 SSRs were genotyped on the 186 RILs of the F 4:6 population to identify potential P. sojae partial resistance QTL regions. For SSR markers, PCR was performed using 50 ng genomic DNA as template in a 12.5 μL volume and amplicons were resolved on 4% high-resolution agarose gels (Amresco, Solon, OH), stained with ethidium bromide for visualization. Th e SNP genotyping was performed on a Luminex 200 analyzer. Th e genetic map was constructed using JoinMap 4.0 using the Kosambi function (van Ooijen, 2006) and QTL analysis was performed using MAPQTL 5.0 (van Ooijen, 2004) . Interval mapping was fi rst used to identify putative QTL and composite interval mapping (CIM) was performed for further control of the genetic background. Th e walking speed for QTL analyses was 1.0 cM. Permutation tests with 1000 iterations were performed on each linkage group and on the whole genome to estimate signifi cant LOD scores (Churchill and Doerge, 1994) . Th e total genotypic variation explained by additive eff ects was calculated by adding the percentage of explained variation from each potential QTL from interval mapping using MAPQTL. One-way ANOVA with the Proc GLM procedure (SAS Institute, 2007) was used to confi rm the single marker association with phenotypic variation. Potential QTL epistasis was detected by marker × marker interactions analyzed with two-way ANOVA using SAS soft ware with formula (Calenge et al., 2005) : ) ij is the interaction eff ect between markers M 1 and M 2 for the combination of marker classes i and j, and E ijk is the residual eff ect. Th e total genotypic variation explained by both additive and epistatic eff ects was presented by the R 2 value obtained from this model.
Microarray Analysis and Candidate Gene Selection for Quantitative Reverse-Transcription Polymerase Chain Reaction
Microarray experimental procedures and data analysis were performed as described by Zhou et al. (2009) . Th e raw data are available at http://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc = GSE9687 (verifi ed 4 May 2010).
Th ese data represent abundance in mRNA transcripts that correspond to specifi c genes. Seventeen stress-related candidate gene targets for qRT-PCR were selected using the criteria of signifi cant diff erences in transcript abundance between the R and S cultivars, and if the genes co-localized with the partial resistance QTL. Expressed sequence tag sequences of the genes that met the fi rst criterion were retrieved from the Aff ymetrix database and matched against the soybean genome assembly Glyma1 located at Phytozome (DoE Joint Genome Institute, 2008) by BLASTN searches to locate their physical positions on the genome sequence. Th eir genetic positions on the consensus map (Choi et al., 2007) were then estimated based on their physical distance to the nearest molecular markers. . Additionally, genes potentially responsible for the resistance which were associated with the potential QTL regions were also identifi ed if they were represented by polymorphic EST sequences that mapped to the QTL region; the ESTs were selected based on their physical location in the soybean genome assembly Glyma1, as established through BLASTN searches with >95% sequence identity over more than half of the query length. Primer sequences for each gene are provided in Supplementary Table S1 .
Quantitative Reverse-Transcription Polymerase Chain Reaction Analysis
For qRT-PCR assays, plant tissue samples collected from all the trays per treatment were pooled for each biological replicate. RNA was extracted using the QIAGEN RNeasy Plant Mini Kit (Qiagen, Chatsworth, CA). RNA samples were quantifi ed using a NanoDrop ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE) and evaluated for integrity by agarose gel electrophoresis. Samples with polysaccharide residues (260/230 ratio < 1.7) were further purifi ed by a QIAGEN MinElute cleanup kit, followed by DNase treatment (Invitrogen, Carlsbad, CA) to remove potential DNA contamination. All RNA samples were confi rmed for the absence of DNA by running qPCR with RNA templates (no reverse transcriptase). Th ereaft er, 1 μg of RNA template was reverse transcribed into cDNA in a 20 μL volume, using the iScript cDNA synthesis kit for RT-PCR (Bio-Rad Laboratories Inc., Hercules, CA). For qPCR, all the gene-specifi c primers were designed using the Primer3 (http://frodo.wi.mit.edu/primer3/ [verifi ed 4 May 2010]) program and specifi c amplifi cation was supported by melting curve analysis in qPCR. Standard curves were constructed with serial 10-fold dilutions of purifi ed amplicon starting from 10 pg/μL. A 20 μL quantitative PCR reaction contained 300 nM sense and anti-sense primers, 2 μL of 10× diluted cDNA, and 10 μL SYBR Green I PCR Mastermix (BioRad Laboratories, Hercules, CA). Reactions for each gene had three technical replicates for both standards and samples. PCR reactions were performed on a Bio-Rad iQ5 cycler (BioRad Laboratories, Hercules, CA) under the following conditions: 95°C for 3 min, 40 cycles of 95°C for 10 s, 55°C for 45 s to calculate cycle threshold (C T ) values, followed by 95°C for 1 min, 55°C for 1 min, and 80 times of 55°C for 10 s, increasing temperature by 0.5°C per cycle to obtain melt curves. Th e BioRad iQ5 2.1 Optical System Soft ware (BioRad Laboratories, Hercules, CA) was used and PCR effi ciency (E) was estimated using the equation (1+E) = 10 (−1/slope) (Pfaffl , 2001) . Th e housekeeping genes used in this study were a putative ubiquitin gene (Gma.441.1.S1_at) identifi ed from microarray analysis (Zhou et al., 2009 ) and a putative F-box protein (Gma.6079.1.S1_at) (Libault et al., 2008) . Both genes had stable transcript abundance across the four time points and cultivars from the microarray analysis in this study. Infection response of a target gene was represented by the transcript level fold diff erences in inoculated (i) samples relative to mock (m) controls, which was calculated from the equation:
where ref indicated a housekeeping gene and Avg was the average of two housekeeping genes.
RESULTS
Phenotypic Distribution of Resistance to P. sojae Isolate 1.S.
in the Recombinant Inbred Line Population
Root lesion BLUPs at 7 DAI in the Conrad × Sloan F 4:6 population ranged from −10.05 to 10.17 (lesion length 18.4 to 45.8 mm) with a normal distribution of the phenotypes, which indicated that the resistance was quantitatively inherited (Fig. 1) . Th e broad-sense heritability for lesion length based on data from this population was 0.68. R and S cultivars performed consistently as checks across replicates.
Genetic Linkage Analysis and Quantitative Trait Loci Mapping
Th e linkage map was constructed with 119 molecular markers and covered 1018.1 cM across 20 fractional MLGs (unlinked markers were not included). Th e genetic maps of the linkage groups with the location of the potential QTL are shown in Fig. 2 . Th e marker positions in the constructed genetic map were mostly in accordance with the physical positions aligned with the 8× whole genome shotgun sequence assembly Glyma1.
Five QTL on chromosomes 12 (MLG H), 13 (MLG F), 14 (MLG B2), 17 (MLG D2), and 19 (MLG L) were identifi ed through both interval mapping (IM) and composite interval mapping using MAPQTL 5.0 (van Ooijen 2004) . Th e LOD scores for CIM ranged from 2.0 to 3.7, which were signifi cant based on the permutation threshold of P < 0.05 (Table 1, Churchill and Doerge, 1994) . Another potential region on Chr. 13 (13-1) detected by IM (P < 0.05) was not signifi cant using CIM (LOD = 1.1). Each of these QTL individually explain 4~7% of the phenotypic variation from a total of 38% for IM and 28% for CIM (Table 1) . One-way ANOVA (P < 0.05) also indicated signifi cant association of these single markers with the phenotypic variation (Fig. 2, Table 1 ). Moreover, additional putative associations were identifi ed with markers on Chrs. 8, 12, and 16 (MLG A2, H and J) (Fig.  2) . Six pairs of potential epistatic interactions were also detected between these QTL (P < 0.05, Table 2 ). When the signifi cant markers and signifi cant epistatic interactions were placed in the same genetic model, the total phenotypic variation explained was 65.5%.
Genes from the Whole Genome with Varying Transcript Abundance
Among the 37,420 soybean genes on the Aff ymetrix chip, which represent 56.6% of the soybean predicted genes (Glyma1 assembly), the transcript abundances of 331 genes were signifi cantly higher or lower in cultivar R compared to cultivar S following inoculation, while 637 genes had signifi cantly greater changes in transcript abundance in cultivar S compared to cultivar R following inoculation (P < 0.05, Table 3 ). Th ere were also significant diff erences in the constitutive levels of transcripts of approximately 3000 genes based on comparisons of the mock-inoculated samples of R and S. Of these, 479 were detected at both 1 and 2 DAI when the samples were collected from the inoculation site and 895 were detected at more than two time points.
Genes with Differential Transcript Abundance Located within Potential Quantitative Trait Loci Regions
For each QTL, all of the genes that were located between the fl anking markers were examined for presence on the Aff ymetrix chip as well as changes in transcript abundance. Th ere were a total of 2322 predicted genes (Glyma1 assembly), located within the fi ve potential QTL regions identifi ed by CIM. Among them, ~587 (~25.3%) were present on the Aff ymetrix chip. Of these, 55 (~9.4%) had either signifi cant diff erences in transcript abundance during the infection or constitutive diff erences between cultivars R and S (Tables 4, 5, and 6). Th e genes were annotated using BLASTX and potential protein functions were based on Gene Ontology (GO) molecular function descriptions from the best Arabidopsis match, as well as the PANTHER (Protein ANalysis THrough Evolutionary Relationships) or KOG (EuKaryotic Orthologous Groups) descriptions provided by the Soybean Genome Project, DoE Joint Genome Institute (2008) . Ten (18.2%) of the 55 genes were proteins with either unknown or uncharacterized functions.
Among these 55 genes, the annotated functions for 38 genes with signifi cant diff erences in transcript abundance following inoculation encoded (Table 5) : auxin response factors, membrane transporters, H(+)/ calcium-transporting ATPases, heat-shock proteins, a NBS-LRR type disease resistance-like protein, a cysteine proteinase, pyruvate decarboxylases, cytochrome P450 monooxygenases, transcription factor IIB, a salt responsive protein, a spliceosome-associated protein, a ubiquitin carboxyl-terminal hydrolase, an L-asparaginase, a JULY 2010
VOL. 3, NO. 1 kinesin motor-related protein, and a UpF0308 protein.
Th e remaining 17 genes had signifi cantly diff erent constitutive levels of expression and they included (Table 6) : several disease resistance-like proteins, calmodulin-like protein, putative zinc-fi nger protein, steroid sulfotransferase-like protein, Dof10 transcription factor, lipase-like protein, tryptophan synthase α chain and a putative phytosulfokine peptide.
Quantitative Reverse-Transcription Polymerase Chain Reaction of Selected Genes within Quantitative Trait Loci Regions
Seventeen genes with signifi cantly diff erent transcript abundance between R and S (12 following infection and fi ve constitutive) were selected from the potential QTL regions for confi rmation of microarray results (Table  7) using qRT-PCR. During the qRT-PCR experiments, lesions developed 1 d earlier than in the previous microarray assay (Fig. 3) . At 2 DAI the lesion was visible and samples were collected above the lesion margin instead of at the inoculation site as in the microarray study. Th e directions of the transcript level changes were similar to those observed during the microarray analysis (Fig. 4 , Table 7 ). One exception was a PDR-like ABC-transporter (Gma.16908.1.S1_at) on Chr. 19, which did not have significant diff erence in expression between R and S at all time points in the qRT-PCR assay (data not shown).
In the assay to examine diff erences in constitutive transcript abundance between R and S, before inoculation or wounding, consistency between microarray and qRT-PCR was observed in 11 of the 17 genes (Table 8) . Spatial transcript level diff erences were also observed between root and hypocotyl for 11 genes in R and 9 genes in S. Th ese included the 6 genes for which the constitutive transcript level measurements diff ered between the microarray and qRT-PCR assays (Table 8) . Spatial transcript diff erences also varied signifi cantly between R and S for four genes (Table  8) : Hsp 70 (GmaAff x.17961.1.A1_at), Cytochrome P450 monooxygenase CYP710A15 (GmaAff x.35772.1.S1_at), cysteine proteinase (Gma.14976.2.S1_at), and Cytochrome P450 82A3 (Gma.3136.2.A1_s_at).
DISCUSSION
Although many QTL have been discovered and are being incorporated into disease resistance breeding programs, the molecular mechanisms that contribute to the expression of these traits are still vague. Recently Poland et al. (2009) proposed that partial (quantitative) resistance in plant pathosystems may be governed by: (i) genes which regulate plant morphological and developmental phenotypes; (ii) mutations or alleles of genes involved in basal resistance; (iii) components of chemical defense, such as phytoalexins; (iv) defense signal transduction; (v) weak forms of R-genes which co-localize with QTL; and (vi) previously uncharacterized genes. Characterizing genes which underlie QTL is expected to identify those that are specifi cally involved in the expression of partial resistance.
Quantitative Trait Loci Contributing to Soybean Partial Resistance to P. sojae
In the present study, fi ve QTL on Chrs. 12, 13, 14, 17, and 19, each contributing 4 to 7% of the phenotypic variation, were identifi ed by both IM and CIM methods (Table  1, Fig. 2 ). However, these QTL did not explain all of the inherited phenotypic variation (68%) expressed in this population. Th ere were numerous regions (~32% of the genome, based on the consensus map, version 3.0, Choi et al., 2007) in which polymorphic markers were not identifi ed between R and S, which may in part explain this lack of detection. Th is study confi rmed a QTL on Chr. 13 by interval mapping (Burnham et al., 2003; Han et al., 2008) , but with CIM, this locus was not signifi cant. Another QTL from R on Chr. 16 (Weng et al., 2007) was also confi rmed in this study by single marker association (Fig. 2) . Markers associated with two previously identifi ed QTL from R on Chr. 2 (MLG D1b) and Chr. 13 (MLG F) were not significant in this study (data not shown). Th is diff erence may be explained by the diff erent phenotyping methods of growth chamber vs. fi eld (Han et al., 2008) or due to changes in the tray test-a wound deeper than that of Burnham et al. (2003) which was used to expose the root stele to ensure successful inoculations Several of these QTL overlap regions in the soybean genome where quantitative resistance to other soybean pathogens was previously reported. Resistance to Sclerotinia sclerotiorum (Lib.) de Bary was mapped to the same regions as 13-2, 17, and 19 (Arahana et al., 2001) , and resistance to soybean cyst nematode was mapped to the regions of 14 and 17 (Schuster et al., 2001; Yue et al., 2001 ). Interestingly, among the 12 QTL identifi ed for resistance to F. virguliforme, none overlap with any of the known major Rps genes for P. sojae. However, F. virguliforme resistance QTL which mapped to Chr. 13 (Iqbal et al., 2001) and 17 (Farias-Neto et al., 2007; Kazi et al., 2008) overlapped with QTL identifi ed in this study for partial resistance to P. sojae. It should be noted that the QTL on Chr. 13 (Iqbal et al., 2001) has not been confi rmed and 13-1 for P. sojae was only detected by interval mapping and single marker association. Regions on Chrs. 8 and 16 which were identifi ed based on one-way ANOVA for resistance to P. sojae in the present study were also reported as QTL regions conferring resistance to S. sclerotiorum, soybean cyst nematode, and P. sojae (Concibido et al., 1994; Arahana et al., 2001; Weng et al., 2007; Tucker et al., 2010) . Th e QTL on Chr. 13 (13-2), which was confi rmed by both IM and CIM methods, mapped to an R-gene-rich region that harbors NBS-LRR gene clusters which confer resistance to a number of diff erent pathogens (Jeong et al., 2001 ). In addition, this QTL potentially interacted with four other QTL (P < 0.05, Table 2 ). Other studies have proposed that regions with QTL associated with disease resistance to different pathogens may indicate the possibility for a network with connections to common genes for the expression of broad-spectrum disease resistance (Poland et al., 2009; Wisser et al., 2005) . Th us these QTL on chromosomes 13-2, 14, 17, and 19 provide targets for examining whether a network or some regulating factors may be the primary function for expression of partial resistance in Conrad.
Quantitative Reverse-Transcription Polymerase Chain Reaction Confi rmation of Microarray
Sixteen of the seventeen genes selected for qRT-PCR had similar transcript abundance patterns following inoculation as those observed in the four cultivar microarray experiment (Waller et al., 2007) , although the transcript ratios were not exactly the same (Table 7) . Th e diff erence between microarray and qRT-PCR results may be explained by the earlier lesion development observed in qRT-PCR assay (Fig. 3) , greater sensitivity of qRT-PCR for the transcripts with low abundance, sampling location on the seedlings as spatial diff erences were also identifi ed, or the diff erent isolates of P. sojae that were used in preparing tissue for qRT-PCR and microarray assays. Th e constitutive transcript abundance of these genes was also evaluated in the qRT-PCR assay in non-wounded roots and hypocotyls, compared to the wounded mockinoculated plants used for microarray experiments. Diff erences were expected for genes in which the tissue-specifi c expression is cultivar-specifi c (Table 8 ). Since the sampling sites for the mock-inoculated tissue for the microarray experiment were spatially matched to the lesions in the infected tissues, and as the lesions were longer in S than in R, extending to the hypocotyl at later time points, the "constitutive" transcript abundance of some genes measured in the microarray analysis may diff er due to diff erences in the sampling sites. In fact, for 11 of the 17 genes the transcript abundance patterns measured by qRT-PCR and microar- Table 1 . Quantitative trait loci for partial resistance to Phytophthora sojae that were identifi ed through interval (IM) and composite interval mapping (CIM) using 186 recombinant inbred lines of Conrad × Sloan F 4:6 population. ray were similar, while for the remaining six, tissue-specifi c abundance diff erences were observed (Table 8) .
Potential Mechanisms Underlying Soybean Partial Resistance to P. sojae
In the soybean-P. sojae system, suberin was associated with the expression of partial resistance in R compared to a susceptible line OX760-6 (Th omas et al., 2007; Ranathunge et al., 2008) . Suberin could potentially delay P. sojae penetration. In the study reported by these authors, R had a higher constitutive level of suberin, and aliphatic suberin production in whole root was induced in R 4 d earlier (4 DAI) than in OX760-6 (8 DAI). Genes identifi ed in the QTL study reported here were not related to any known suberin biosynthesis pathways. In both the microarray and qRT-PCR experiments, sampling was designed to measure transcript abundance at the infection front, and any aliphatic suberin that had been induced would most likely not be present at the sampling site (crown or hypocotyl), but rather at the inoculation site (root). In addition, these studies all involved a wound inoculation and thus focused primarily on resistance to lesion expansion. In contrast, the studies IR indicates the infection response where signifi cantly different changes in up (increase) or down (decrease) in transcript abundance in response to inoculation compared to mock-inoculated controls in either Conrad or Sloan (TST-FDR, P < 0.05). ‡ RC indicates the response contrast where there were signifi cant differences in transcripts abundance between resistant parent (R) vs. susceptible parent (S), or S vs. R (P < 0.05). § Transcripts having a signifi cant change in abundance between R compared to S cultivar following inoculation, where "Up:Up" means the transcript abundance was up-regulated on infection in both R and S, "Up:Nr" means the transcripts were up-regulated in R but had no response in S, "Up:Dn" means the transcripts were up-regulated in R but downregulated in S; "Dn:Dn" means the transcript abundance was downregulated on infection in both R and S, "Dn:Nr" means the transcripts were downregulated in R but had no response in S, and "Dn:Up" means the transcripts were up-regulated in R but downregulated in S. ¶ Percentage of total number of transcripts having a signifi cant contrast at each specifi c time period over the total number of transcripts having the same contrast in any time point after infection (i.e. last column).
The number of transcripts that had signifi cant changes in abundance following inoculation with Phytophthora sojae compared to mock inoculated (IR), between partial resistant parent Conrad (R) and susceptible parent Sloan (S) (RC) as well as constitutive levels in the mock inoculated (CC) across the different days after inoculation (DAI).
# Transcripts having a signifi cantly different change in abundance between S vs. R parent following inoculation with P. sojae. "Up:Up" means the transcript abundance was up-regulated on infection in both S and R, "Up:Nr" means the transcripts were up-regulated in S but had no response in R, "Up:Dn" means the transcripts were up-regulated in S but downregulated in R; "Dn:Dn" means the transcript abundance was downregulated on infection in both S and R, "Dn:Nr" means the transcripts were downregulated in S but had no response in R and "Dn:Up" means the transcripts were up-regulated in S but downregulated in R. † † Transcripts which have a signifi cantly different abundance between R and S in mock-inoculated samples, where "Up" means R had signifi cantly higher levels than S and "Down" means R had lower levels than S across the different time points.
that identifi ed suberin used whole non-wounded roots and thus were focused on the initial response to infection (Th omas et al., 2007; Ranathunge et al., 2008) . Several defense-related proteins were associated with the expression of partial resistance to P. sojae in an earlier report (Vega-Sánchez et al., 2005) . In this microarray-qRT-PCR study, transcript abundance for a PIN1-like auxin transport protein and an auxin-induced protein on the QTL 19 region were both up-regulated in S at 3 and 5 DAI but were suppressed in R (Fig. 4 , Table 7). Suppression of auxin signaling has been demonstrated to be part of SA-mediated disease resistance in Arabidopsis (Wang et al., 2007) as it triggers defense responses against bacteria (Navarro et al., 2006) and fungal pathogens (Domingo et al., 2009 ) in diff erent plant species.
Th is indicates that R may have the potential to suppress the P. sojae-induced auxin-signaling which contributes to the QTL-mediated expression of partial resistance. Heat-shock protein Hsp 70 is a type of chaperone that is involved with folding and assembly of newly formed # CC: Constitutive contrast-average fold difference in transcript abundance between R and S in mock-inoculated samples (microarray data, TST-FDR, P < 0.05) R vs. S (R:S) observed at the specifi ed day after inoculation (DAI), where "-" indicates that no signifi cant constitutive contrast between R and S was observed at any time point. Negative values indicate a lower transcript abundance in R than in S. † † RC: Response contrast-signifi cant differences in infection response ratios in R compared to S (microarray data; TST-FDR, P < 0.05) at specifi ed time points (DAI), where "Up" means the infection response ratios in R were signifi cantly greater than those in S and "Dn" means the infection response ratios in R were signifi cantly less than those in S. ‡ ‡ IR: Infection response-signifi cant differences in transcript abundance inoculated samples compared to mock-inoculated samples in R or S (microarray data, TST-FDR, P < 0.05) at specifi ed time points (DAI). Negative values indicate a decrease in transcript abundance following infection. proteins, and prevents irreversible protein degradation under various stresses (Feder and Hofmann, 1999) . It is usually up-regulated following stress induction and there are several studies suggesting that Hsp 70 could be SA-potentiated and functions in plant defense to pathogens (Cronjé et al., 2004; Gálisa et al., 2004; Klink et al., 2009 ). An Hsp 70 transcript, which maps to the QTL 13-2, was up-regulated in R but downregulated in S at 3 and 5 DAI (Fig. 4 , Table 7 ). Transcription factor IIB, which is part of the RNA polymerase II machinery and involved in the selection of the transcription start site (Sun and Hampsey, 1996) , was identifi ed as part of a novel tobacco protein which binds to a cis-acting element of a defense-related gene and regulates its expression (Carrasco et al., 2003) . Th is gene also maps to 13-2, and its transcript abundance was up-regulated in R at 1 DAI but not in S (Table 5 ). Th us it is also a candidate for having a role in the expression of partial resistance to P. sojae.
Genes which potentially control physiological traits were also associated with the QTL regions and had diff erences in transcript abundance between R and S following inoculation. For example, transcript abundance for ubiquitin C-terminal hydrolase (14) and Class II KNOX homeobox transcription factor (17) were downregulated in R at 5 and 3 DAI, respectively, but showed no change in S (Table 5 ). Ubiquitin C-terminal hydrolase was reported to play a regulatory role in hormone signaling (Frugis and Chua, 2002) and aff ect shoot architecture in Arabidopsis (Yang et al., 2007) , and Class II KNOX homeobox transcription factor was oft en involved in the maintenance and growth of Arabidopsis shoot meristems (Bowman and Eshed, 2000) . Th is suggests that genes which code for physiological traits may also contribute to partial resistance to P. sojae in soybean. Th e QTL, 13-2, maps to an R-gene-rich region that harbors NBS-LRR gene clusters (Jeong et al., 2001) . More importantly, a large number of the genes located within these QTL that had diff erences in Table 6 . Genes within each potential quantitative trait loci (QTL) region whose transcript levels following mock inoculation were signifi cantly different between partially resistant Conrad (R) and susceptible Sloan (S) based on microarray analysis (constitutive contrast; CC) and those that were signifi cantly different following inoculation with Phytophthora sojae (Infection response, IR). # CC: Constitutive contrast-signifi cant average fold difference in transcript abundance between "R vs. S" in mock-inoculated samples (microarray data, TST-FDR, P < 0.05) observed at specifi ed day after inoculation (DAI). † † IR: Infection response-direction of transcript abundance changes in inoculated samples compared to mock-inoculated samples in R and in S (no signifi cant differences were observed between R and S for these transcripts) at specifi ed day after inoculation (DAI). "Up" and "Dn" mean that transcript abundance was increased or decreased on infection respectively and "-" indicates that transcript abundance was not signifi cantly changed on infection in either R or S (microarray data, TST-FDR, P < 0.05). Time points (DAI) when changes in transcript abundance following infection were signifi cantly different between R and S based microarray analysis (TST-FDR, P < 0.05). No signifi cant difference was observed for three genes (GmaAffx.29626.1.S1_at, GmaAffx.6948.1.S1_at, and GmaAffx.18441.1.S1_at); these three genes were selected because they displayed signifi cant differences in constitutive transcript abundance levels between R and S based on microarray analysis (TST-FDR, P < 0.05). § Microarray measurements. ¶ Fold difference in transcript abundance between inoculated and mock-inoculated samples at each time point (DAI).
# Standard error of transcript abundance ratios among biological replicates. Standard errors were calculated from the log-transformed microarray or qRT-PCR data, then errors were transformed into ratio ranges. † † qRT-PCR measurements.
transcript abundance between R and S had unknown functions, which opens the possibility that some partial resistance may involve novel mechanisms. More than 60% of genes from the QTL regions were not present on the Aff ymetrix chip and some genes specifi c to R but not present in the sequenced cultivar (Williams 82) could potentially be absent as well. Further characterization of these genes is warranted. Th ese fi ndings are similar to a previous study (VegaSánchez et al., 2005) , where partial resistance in R to P. sojae was expressed as a sustained increase in transcript abundance at 1 to 5 DAI. In this study, the greatest number of QTL-associated genes had transcript abundance changes at the two later time points (Table 5) . From the microarray analysis, the number of transcripts responding to infection was <400 in both R and S at 1 DAI but increased to >4000 at 2 DAI and this trend was maintained through the later time points. Th ere was no evidence for bi-phasic gene expression response as in soybean rust infection (van de Mortel et al., 2007) . However, no samples were collected in this study at 12 HAI which was the time the fi rst phase of massive gene expression was observed in soybean rust (van de Mortel et al., 2007) .
From the microarray analysis, a large number of transcripts had a greater response to infection in S than in R at the two later time points (Table 3) . It has been well documented that expression of defense-related genes at later time points during infection is oft en more pronounced during susceptible responses (Hahn et al., 1985) . In this study, several genes within QTL regions, such as cytochrome P450 monooxygenase CYP710A15 on 13-2 and cysteine proteinase on 14, had much higher transcript abundance in S at 3 or 5 DAI compared to R. Hu et al. (2008) identifi ed four important genes controlling rice blast disease resistance from overexpression and silencing assays and those genes were mapped to four minor QTL, each explaining 2.1 to 4.5% of the phenotypic variation. In this study, a total of 55 genes were mapped to fi ve potential QTL, of which 38 genes had diff erences in transcript response to infection and 17 had constitutive diff erences between R and S (Table 5) . Th ey each have the potential to be involved in the expression of partial resistance.
CONCLUSIONS
Utilizing traditional mapping and microarray approaches, this study provides additional evidence that multiple mechanisms may be involved with expression of partial resistance to P. sojae in soybean as fi rst proposed by Vega-Sánchez et al. (2005) . Paralleling the hypotheses outlined by Poland et al. (2009) , this study identifi ed potential contributions to soybean partial resistance to P. sojae by: (i) genes regulating plant physiological phenotypes; (ii) defense-related signaling components; (iii) R-gene clusters; and (iv) previously uncharacterized genes. Additional questions were raised by this study. Are these genes independent factors, or do they interact with each other to function eff ectively for plant defense? Which defense or signaling pathways are involved? Th e potential association between transcript abundance in the parents and the corresponding QTL resistance patterns will be confi rmed in advanced segregating populations as well as by QTL analysis of much larger populations. Overall, this study provides a good starting point for functional genomic approaches to explore the complex molecular mechanisms underlying soybean partial resistance to P. sojae. It will aid the identifi cation of additional QTL for marker-assisted selection as well as provide lists of candidate genes which might be manipulated to confer resistance. Th is will further benefi t soybean production by preventing losses to P. sojae through assisting effi cient development of cultivars with high levels of partial resistance. Table   Supplemental Table 1 accompanies this article and is available online at plantgenome.scijournals.org. 
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